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In order to boost the ever-improving performance of complementary metal-oxide-semiconductor (CMOS) devices, major research efforts are being made to enhance the charge carrier mobility in the semiconductor channel area. Strain engineering of the channel area by embedded source/drain stressors offers an elegant solution to tailor the ballistic hole and electron velocities.
1 Si-based CMOS-technology with Si 1−x Ge x and Si 1−x C x source/drain stressors, creating uniaxial compressive stress in the pMOSFET and tensile strain in the nMOSFET channel respectively, even outperforms the charge transport properties of bulk-Ge. The same strategy can be used to increase the ballistic hole and electron velocity in Ge by applying embedded Ge 1−x Sn x and Ge 1−x Si x source/drain stressors, respectively. However, the addition of Sn to the Ge matrix raises a number of challenges yet to be dealt with.
(i) The solubility of Sn in Ge is limited to 1 at. % in a bulk solid solution, 2 whereas at least 5 at. % Sn (or 1 GPa uniaxial compressive stress) has to be incorporated in the matrix to outperform Si-based stressor technology. Previous work shows that Sn segregates at the Ge 1−x Sn x surface at temperatures relevant for contact formation, indicating that the Sn redistribution during the growth will be a key parameter in understanding this ternary solid phaser reaction. 4 Ni being an excellent candidate for contact formation on Ge, 5, 6 we therefore investigated the phase formation and atomic diffusion during the Ni germanide growth.
A 120 nm thick Ge 1−x Sn x layer with 8.6 at.% Sn was grown by MBE deposition on a cleaned Ge(100) substrate. X-ray diffraction 2-dimensional reciprocal space mapping confirmed that the Sn atoms are located on substitutional lattice sites and that no Sn segregation occurs during deposition. A 50 nm thick Ni film was subsequently sputter-deposited at room temperature to obtain a sample structure of 50 nm Ni/ 120 nm Ge 0.91 Sn 0.09 / <Ge(100)>. As such, full transformation of Ni into NiGe 1−x Sn x leaves 15 nm of Ge 1−x Sn x unreacted. The phase sequence and the atomic diffusion were probed in situ during the solid phase reaction by real-time x-ray diffraction (XRD) and real-time Rutherford backscattering spectrometry (RBS), respectively. The main advantage over the conventional cook-and-look approach is that the risk of overlooking transient but crucial stages during the reaction is minimized.
Moreover, the continuous probing allows to disentangle the dynamic interplay between the redistribution of the additives, the phase formation and the diffusion kinetics.
The germanide phase formation was monitored by real-time (XRD) at a ramp rate of 0.5
• C/s from 20 • C to 850
• C in He atmosphere. Data were collected every 2 seconds, using a Cu K α source and a linear detector covering 20
• in 2θ-range. This measurement is displayed as a contour plot in Fig. 1 , which allows one to deduce the phase sequence and the evolution of the crystalline quality. The x-axis represents the temperature, the diffraction angles are indicated on the y-axis, whereas the diffraction intensity is represented by a (logarithmic) color scale. • in a plane defined by the incident beam and the two detectors. The simultaneously acquired spectra were analyzed with NDF in a consistent way for both detectors. 9 The contour map shown in Fig. 2 is constructed by plotting the RBS spectra from consecutive measurements (one detector only) during the temperature ramp-up one after the other. The backscattering energy can be read from the x-axis, the temperature is indicated on the y-axis and a color scale represents the backscattering yield. Element-specific depth scales, ranging from the surface towards the interior of the sample, are indicated for the sake of clarity. Due to the small difference in mass between Ni and Ge, both RBS signals overlap at backscattering energies below 2.061 MeV. Consequently, it is not straightforward to obtain a qualitative overview of the Ni germanide phase formation merely by visual inspection, which is often feasible for more simple systems. 10 The Sn signal, however, is well isolated, which allows to deduce the Sn redistribution during Ni germanide growth. It should be noted that the temperature scales of both real-time techniques can not be compared directly due to the 3 difference in the ramp rates applied (imposed by the difference in required data collection time).
Despite the different ramp rates, both techniques reveal the same phase sequence, similar to the growth of Ni germanide on Ge(100). 6, 11 The first phase to grow is Ni 5 Ge 3 , which is soon followed by the growth of NiGe as evidenced by the appearing set of diffraction peaks at 290
• C (see Fig. 1 ). Unlike most thin film diffusion couples, here two phases grow simultaneously. This can be inferred from the fact that the Ni, the Ni 5 Ge 3 and the NiGe diffraction peaks are all present during this stages of the reaction up to a temperature of 310
• C, where the Ni peak disappears (see Fig. 1 ). The Ni germanide growth is represented in the real-time RBS measurement by the bending of the Ni and Ge contours from approximately
200
• C up to 300
• C (Fig. 2) . RBS confirms the findings from the real-time XRD data.
Metallization is initiated by the growth of a thin layer of Ni-rich germanide, which is soon 
